Based on rRNA phylogeny, morphologic and morphogenetic characters, two major groups of hypotrich ciliates can be distinguished: euhypotrichs and pseudohypotrichs. Through the sequencing of actin genes, we show here that, interestingly, the pseudohypotrichs Dyophrys sp. and Euplotes vannus have a different stop codon usage. In fact, the stop codon usage of the former species resembles that of euhypotrichs. This unexpected result is used to discuss the origin and acquisition of genetic code deviations in ciliates. ß
Introduction
Molecular data have positioned ciliates in a highly evolved lineage in the terminal crown of eukaryotes [1] . These data have provided a grouping which ¢ts well with most of the traditionally and well-de¢ned ciliate classes. One of these is that of Spirotrichea (according to [2] ) or Polyhymenophora (according to [3] ), which includes one of the most ubiquitous and readily recognised group of ciliates, the hypotrichs. Based on morphologic, ultrastructural, and morphogenetic characters several major groups were di¡erentiated amongst hypotrichs. Integrating these characters, Fleury [4] distinguished two clearly di¡erent groups of hypotrich: euhypotrichs (Oxytricha, Stylonychia, Histriculus, Paraurostyla or Gastrostyla among other genera) and pseudohypotrichs (Euplotes, Diophrys, Aspidisca and Uronychia among other genera). Molecular data suggest that hypotrichs are monophyletic despite the high evolutionary distance separating euhypotrichs from pseudohypotrichs [1] . This great distance is not only manifested on the structural characters mentioned above, but also in the use of the genetic code [5] . Thus, all the euhypotrichs studied so far translate TAA and TAG into glutamine, and use TGA as the only stop codon. On the other hand, the pseudohypotrichs studied so far translate TGA into cysteine and use TAA and TAG as stop codons. Knowledge on stop codon usage in pseudohypotrichs is only restricted to the genus Euplotes. Consequently, it would be important to know about other pseudohypotrich genera. In the present study we report the complete sequence (including 5P-and 3P-untranslated regions) of one actin gene and the partial sequence (95% of the coding region) of a second actin gene of the pseudohypotrichs Diophrys sp. (Uronychiidae) and Euplotes vannus (Euplotidae). This has allowed, ¢rstly, determination of the stop codon used for actin in these two pseudohypotrichs and, secondly, analysis of the actin molecule along with the genetic code in an evolutionary context.
Materials and methods
2.1. Cell culture and DNA extraction E. vannus and Diophrys sp. were cultured at 25³C in arti¢cial seawater (Instant Ocean Aquarium System) with wheat grains. The total genomic DNA was isolated by conventional methods.
Polymerase chain reaction (PCR)
Ampli¢cations were done as described in [6, 7] , respectively, for actin and K-tubulin. The PCR products were recovered from agarose gel using a QIAEX gel extraction kit (Qiagen) and cloned into the plasmid vector pGEM-T (Promega). Inverse PCR was carried out as described for Histriculus cavicola [6] , using the following set of speci¢c primers: DioactI-p: forward 5P-GGGTCTTCCGACAAT-GGATGGGA-3P, and reverse 5P-ACCCTTGCTTCCCT-TTCCACCTT-3P. EupactI-p: forward 5P-GGTCTACCG-ACGATTGATGGGA-3P and reverse 5P-TCGCCAGCA-TGTGGATCACCAA-3P. The PCR products were extracted and cloned as described above.
Probe labelling and Southern blots
The DNA probes were labelled with digoxigenin using the Dig DNA-labelling system (Roche) according to the manufacturer's instructions. For Southern blot, 10 Wg of genomic DNA (native and digested with restriction enzymes) were electrophoresed on 1% agarose gel and transferred to a nylon membrane ¢lter (Hybond-N , Amersham). The sites of hybridisation on the membrane were colourimetrically detected using a sheep anti-digoxigenin Fab fragment conjugated to alkaline phosphatase, and nitroblue tetrazolium^5-bromo-4-chloro-3-indoyl phosphate.
DNA sequencing
DNA sequencing was performed through a commercially available sequencing service. The sequence data were analysed with the GCG program.
Results and discussion
PCR experiments using a couple of degenerated primers (previously used to clone the actin genes of Paramecium and Histriculus) allowed ampli¢cation of a fragment of about 1.1 kb in both Diophrys sp. and E. vannus. Restriction pattern analyses of these amplicons have shown two types of clones in both species. As expected, all these amplicons are 1098 bp long and correspond to about 95% of the coding sequence of typical actins. The two partial actin sequences of Dioprhys sp., named dioactI-p and dioactII-p (GenBank accession numbers AY004214 and AF273752, respectively), share 66.7% identity at the nucleotide (nt) level. The two partial actin sequences of E. vannus, named evactI-p and evactII-p (GenBank accession numbers AF273753 and AF273751, respectively), share 64.9% identity at the nt level.
We also aimed at obtaining the remainder coding sequences, as well as the 5P-and 3P-untranslated sequences, of one of the partial actin sequences in both ciliate species. Therefore, ¢rstly we selected dioactI-p and evactI-p as probes to hybridise against total genomic DNA either native or digested with restriction enzymes. The macro- For every species, the class to which they belong and the meaning of the three universal stop codons are shown. Note that the two pseudohypotrich genera greatly di¡er in their stop codon use nucleus of these two species, as well as that of euhypotrichs, contains gene-sized molecules or minichromosomes, which constitutes a kind of natural DNA library. Each DNA molecule is usually made of a single open reading frame, the 5P-and 3P-untranslated regions, and the telomere terminal repeats. This peculiar genetic organisation allows easy estimation of the number and size of any particular gene by DNA hybridisation. When E. vannus DNA was probed with evactI-p (Fig. 1A) , two hybridisation signals of about 1.3 kb were detected in the lanes loaded with either native DNA, ApaI-or BamHI-digested DNA. In the lane corresponding to SacI-digested DNA, ¢ve bands of approximately 1300, 900, 700, 600 and 400 bp were detected. As both evactI-p and evactII-p contain SacI restriction sites (nt 574^579 and 739^744/757^762, respectively), the hybridisation signals at 700 and 600 bp correspond to evactI-p and those at 900 and 400 bp correspond to evactII-p. Therefore, the hybridisation signal at 1300 bp should correspond to a third gene without any recognition site for SacI. When Diophrys sp. DNA was probed with dioactI-p (Fig. 1B) nuclear actin sequence of Dioprhys sp. and E. vannus were obtained after cloning, sequencing these new ampli¢ed DNA fragments, and assembling the sequences obtained in the two PCR rounds. Excluding telomere sequences, the macronuclear DNA molecule encoding actin I in Diophrys sp. (GenBank accession number AY004214) consists of 30 nt of 5P-UTR, 1128 nt of ORF (376 amino acids (aa)), and 68 nt of 3P-UTR. The coding sequence ends at TGA and no other in-frame stop codons are present. At this point, it must be mentioned that dioactII-p (363 aa) contains two in-frame TAG codons (Q47, nt 139^141 and Q251, nt 751^753), which align unambiguously with well-conserved glutamine residues in other actin amino acid sequences (Fig. 2A) . The 5P-UTR of actin I does not contain any promoter motif but a polyadenylation site is located in the 3P-UTR, 7 bp downstream of the stop codon. Excluding telomere sequences, the macronuclear DNA molecule encoding actin I in E. vannus (GenBank accession number AF273753) consists of 33 nt of 5P-UTR, 1116 nt of ORF (372 aa), and 70 nt of 3P-UTR. The coding sequence ends at TAA and no other in-frame stop codons are present. At this point, it must be mentioned that evactII-p (363 aa) does not contain any in-frame stop codon either. A 10-bp E-Cbs element (5P-HATTGAAAHH, H = A, C or T), involved in chromosome fragmentation and telomere addition processes in E. crassus, is located 7 bp upstream of the initiation codon. Neither consensus sequences (TATA or CCAAT box) nor polyadenylation signals can be found. Therefore, the stop codon used in actin of E. vannus is the same used in the K-tubulin amino acid sequence reported for this species (GenBank accession number Z11769). This agrees, at least in part, with what is known for Euplotes sp. (Table 1) , in which TAA is almost the only stop codon used (TAG seems to be poorly represented) and TGA is translated into cysteine. This situation is by far di¡erent in Diophrys sp. (Table 1) , in which TGA is used as stop codon, at least in actin I, and TAG is translated into glutamine, at least in dioactII-p. The latter codon usage is also used in other ciliate groups (Table 1) , such as oligohymenophoreans (Paramecium and Tetrahymena) and euhypotrichs (Histriculus, Oxytricha, Paraurostyla and Stylonychia). Moreover, in these oligohymenophoreans and euhypotrichs, TAA is translated into glutamine. To determine whether Diophrys sp. also uses TAA as glutamine, we have cloned (by PCR using a couple of degenerated primers that allowed us to amplify K-tubulin in other ciliates) and sequenced an K-tubulin DNA fragment. This K-tubulin partial sequence (diotub-p, 1184 nt long ; 394 aa) shows one in-frame TAA codon (Q11, nt 31^33) that aligns undoubtedly with highly conserved glutamine residues of other K-tubulin amino acid sequences (Fig. 2B) . In view of the fact that Diophrys sp. probably translate TAG and TAA into glutamine and TGA is the only true stop codon, this pseudohypotrich resembles more to euhypotrichs than to Euplotes (Table 1) , even though Diophrys sp. and Euplotes sp. share the same cortex architecture. In fact, this suggests that deviations of the genetic code could occur at least three times in the evolution of the hypotrichs : once after the split euhypotrich/pseudohypotrich, and twice after the split Diophrys/ Euplotes. This assumption reinforces the currently accepted hypothesis, proposed by Baroin-Tourancheau et al. [7] , on the origin of the genetic code in ciliates. This hypothesis claims that deviations from the universal genetic code have been secondarily acquired via multiple and independent events. A rapid look at the actin genes of Diophrys sp. and E. vannus can help us to understand in a very simplistic way the course of events that could take place during the acquisition of a deviant code. First of all, it must be stated that the genetic code in ciliates deviates so easily due to the presence of micro-and macronuclei. Thus, according to Cohen and Adoutte [8] the mutations (whatever they might be) that gave raise to a deviant genetic code could: (i) appear in the polyploid macronucleus and then be transferred to the micronucleus or (ii) appear in the micronucleus and remain silent until non-sense mutations in reading frames make them advantageous. Whatever the theory, it was argued by these authors that gene duplications, which are common for many genes in ciliates, could have favoured and accelerated the process of code deviations with the duplicate gene becoming a pseudogene transiently. In other words, this means that the duplicated gene should have fewer constraints to evolve and accumulate di¡erences in its sequence whenever the ancestor remains active. The sequence analysis of actin genes in Diophrys sp. supports this idea. Indeed, the percentages of identity of actin I with other actins (80.3^82.6%) are higher than those of actin II (74^78.9%). In addition, actin I is not more similar to actin II (77.6% identity) than to theoretically distantly related actins (80.3^81.4% identity). Moreover, actin II of Diophrys sp. is precisely the only one of the analysed genes that bears in-frame TAG codons. Therefore, we can tentatively conclude that actin II seems to have had a higher mutation rate. In fact, the two in-frame TAG codons of actin II are located in high-rate mutation regions or`hot spots' of ciliate actins (subdomains 2 and 4, respectively: see [6] ). The results obtained in E. vannus neither support nor contradict the above conclusion since the two available actin sequences are free of TGA cysteine-encoding codons, in good agreement with what has been described in E. crassus actin. This absence could be due to the almost complete lack of cysteine residues in the hot spot regions of ciliate actins (subdomains 2 and 4). critical reading of the manuscript. This work was supported by Grant PB97-0710-C02-01 of Ministerio de Educaciö n y Ciencia (Spain).
